Coal mine water inrush has an impartible relationship with the fracture zone such as faults, which deeply threaten the safety production in China. In order to study the water seepage behavior in the fault and the impermeability of the fault when water inrush through fault occurs, some water inrush cases through faults were analyzed, and water injection tests which drilled one injection borehole and one observation borehole into the fault zone were carried out at one coal mine. The breakdown pressure, reopening pressure, as well as the initial water seepage pressure, impermeability and the initial hydraulic conductivity of Puzizhier fault, were obtained from the result of the water injection tests. The study shows that water seepage in faults goes through three stages which consist of pore flow, fracture flow and pipe flow. It shows a process of the fine particulates and existing in-fill in the fault zone washing out and original and newborn cracks expanding and connecting. The results of water injection tests can be thought to show the fault healing effect under the underground pressure. In addition, the risk of water inrush through faults owes a great deal to the characteristic of water source.
useful and preferable. Up to now, water injection test is rarely using in coal mines , especially in faults. In this paper, the result and the analyses of the water injection tests and some water inrush cases in the coal mine are presented. Research on studying the water seepage propagation behavior in faults and the impermeability of faults, some water inrush cases through faults were analyzed and water injection tests were carried out in Xinglongzhuang coal mine.
A CASE STUDY

ACCIDENT OUTLINE
On August 17, 2010, at 23:23, a water inrush accident occurred at No. 8602 heading face of Tianzhuang coal mine in Yanzhou city, Shandong Province, China. Fortunately, nobody was injured or dead. The Tianzhuang coal mine, situated in Yanzhou, Eastern China, is a middle modern coal mine, which was constructed in 1997 and put on production on November 18st, 2002 (Fig. 1) . Tianzhuang coal mine is mining the Permo-Carboniferous coal seams. 18 coal seams of Permo-Carboniferous coal seams are named No. 1 to No. 18 coal seam from top to bottom. Its production capacity is 0.9 million tons and the main minable coal seams include No. 16 and No. 17 coal seam whose thickness varies from 0.9 to 1.3 m.
The No. 8602 working face is situated in the middle of the No. 8 mining district. The No. 8602 working face's middle gateway was driving along the No. 16 coal seam with an average rising dip angle of 11°. On August 17, 2010, at 23:23, a water inrush with a flow rate of 3 m 3 /h occurred at the time of disclosing the No. 4 fault (Fig. 2) . The flow rate rose
INTRODUCTION
Coal mine workers' safety and coal production have been deeply threatened by coal mine water inrush accidents (Meng et al., 2012) , and the accidents frequently occur according to the latest statistics in China (Wang et al., 2012) . It has been proved that the majority of the water inrush accidents are related with the fracture zone and its proportion is more than 80 % (Bu et al., 2009; Li et al., 2010; Xu, 2011; Qiao et al., 2013; Lu et al., 2013) . Furthermore, the water seepage behavior in the fault is an important parameter for deep coal mining.
In order to study the behavior of water seepage in the fracture zone, especially in faults, researchers have done numerous positive and beneficial researches (Yang, 1994; Li et al., 1996; Shi et al., 2001; Wu et al., 2002; Wu et al., 2004; Liu et al., 2007; Lu et al., 2013) . Moreover, the phenomenon is noted that most water inrush accidents through faults delayed in time (Zhou et al., 2000; Wu et al., 2003; Li et al., 2010; Xu, 2011; Qiao et al., 2013) . In terms of water seepage in faults, the current researches are far from satisfactory, and the study of the impermeability of faults keeps at a preliminary stage.
In general, water seepage in faults and the impermeability of faults are studied by laboratory tests, numerical analysis and theoretical analysis (Zhou et al., 2000; Wu et al., 2003; Zhou et al., 2008; Li et al., 2010; Qiao et al., 2013) . But those methods have difficulties in obtaining the true and accurate results due to the complex field conditions. Conversely, the field measurements, such as water injection test Jiang et al., 2007; Kitagawa et al., 2007; Mukai et al., 2007) , are more changed. Under these conditions mentioned above, the water inrush accident occurred owing to that water from Ordovician limestone aquifer gushed to the gateway through the fault.
ANALYSES OF THE FAULT WATER INRUSH ACCIDENT
More information can be obtained from the changing inflow during the water inrush accident (Fig. 3) . For the next 30 hours after the beginning, the flow rate increased slowly, especially in the initial 14 hours. Then, from 30 to 42 hours, the flow rate rose up rapidly which increased to the maximum value in this stage. After 42 hours, the flow rate remained stable for some hours and then decline. As a consequence, we can get the information that the growing of water inrush channels would take some hours. Some water inrush accidents cases through faults in China (Feng et al., 2004; Li et al., 2006; Li et al., 2010; Zheng et al., 2010) (Fig. 3) . Moreover, water quality test result shows that it came from Ordovician aquifer. There is no doubt that the water inrush accident must be associated with the fault. As shown in Figure 2 , three aquifers which include No. 13 limestone aquifer, No. 14 limestone aquifer and Ordovician limestone aquifer exit under the floor of the working face. Furthermore, defining the water source of the inrush accident is necessary and important. According to the hydrologic observation wells in Tianzhuang coal mine, the water level in an Ordovician hydrologic observation well which was about 1 kilometer apart from the water inrush point dropped 8 m during the water inrush accident, while the water levels in No. 13 and No. 14 limestone observation wells had not (Feng et al., 2004; Li et al., 2006; Li et al., 2010; Zheng et al., 2010) . inrush, water flows through pore structure of fracture zone or the small original cracks, and the flow rate is low. Then the flow rate rises up rapidly as a result of the washout of fine particulates and existing in-fill in the fracture zone, the porosity of the fault changes and connective cracks appear in the second stage (Barbara et al., 2011; Bai et al., 2013) . With the expanding and connecting of cracks, water seepage will turn into a kind of analogous pipe flow and will result in a large scale water inrush (Fig. 4) .
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analyzed from literature and accident data (Table 1) .
Although they are not all in the study area, they still can be used to analyze the fault water inrush accident. The phenomenon that the time of the maximum water inflow lagged can be obtained from Table 1 . From the viewpoint of water seepage in faults, three stages ( 
WATER INJECTION TESTS
STUDY AREA
Xinglongzhuang coal mine which is closed to Tianzhuang coal mine, situated in Yanzhou, Eastern China, is a large modern coal mine (Fig. 1) . It was formally put on production on December 21st, 1981 and its production capacity is 3 million tons. Nowadays Xinglongzhuang coal mine is mining the No. 3 coal seam, and will mine the deep No. 16 and No. 17 coal seams quickly with the decrease of the shallow coal seam. Water inrush from floor threatens the deep coal seams production due to the close distance between the aquifers and the No. 16 and No. 17 coal seams. Especially, the risk of water inrush is higher near faults. Therefore, water seepage behavior in faults was studied using water injection tests. Furthermore, the impermeability of Puzizhier fault was obtained from the result of tests.
Puzizhier fault has a nearly north-south strike and a dip angles of 60°-80°W. Test site is beside the Puzizhier fault outcrop area of inclined shaft. According to the drilling data, the distance between the fault outcrop position and the No. 10 lower limestone aquifer is approximately 25 m (Fig. 5) .
TEST METHOD
Water seepage propagation behavior in the fault and the impermeability of faults are measured in boreholes by drilling two boreholes, of which one borehole was used to inject water and the other borehole was used to monitor water pressure (Fig. 5) . The water injection test method in this work is illustrated in Figure 6 . Nowadays, the packer test is used to be the usual tool for hydro-geological testing in boreholes (Guo et al., 2003; Hamm et al., 2007; Cheng et al., 2009; Quinn et al., 2011) . But it is difficult to install in coal mines sometimes due to the complex conditions, e.g., site conditions in the underground tunnel, construction conditions and geological conditions (Huang et al., 2014) . In order to solve the problem and carry out the water injection test easily, the method as follow was used in this study. As shown in Figure 6 , as soon as the boreholes are drilled, casing pipes are installed in the boreholes from top to the vicinage of the fault zone in order to seal off the test section from other parts. The pressure measuring sensor is installed in the fault zone, and the sensor is connected with the pressure measuring instrument by cables through sealing coil. On the other hand, the injection borehole is connected with a pump. In addition, the flow meter and pressure gauge are fixed. Flanges are used to seal off the boreholes at last. Under these conditions, water can be injected into the test section and the test can be carried out.
As shown in Figure 5 , two boreholes (Br-1 and Br-2) were both drilled into the fault zone, with a depth of 15.6 m and 20.8 m, respectively. Two boreholes were made with an inclination of 32° with the inclined shaft. Br-2 was injection borehole, while Br-1 was observation borehole. Br-1 and Br-2 was 6.5 m apart. Br-1 and fault outcrop in the inclined shaft was 18.5 m apart.
The equipments used in this study mainly involved a pressure measuring sensor, a pressure measuring instrument and water injection equipments (Fig. 6) . The pressure measuring sensor can observe Generally, the breakdown pressure is determined according to the peak pressure during the first injection cycle, and the reopening pressure is interpreted as the pressure at which the borehole pressurization curve deviates from its sub-linear increasing trend during an injection cycle and can be taken from the average value following several cycles (Kang et al., 2010) .
The injection water pressure and flow rate in Br-2 and observation water pressure in Br-1 during the tests are shown in Figure 7 . The injection water pressures were translated into the pressure that imposed in the fault zone due to the fact that the monitored injection pressure is the pressure at the orifice. A total of four water injection tests were conducted. For the first three, the flow rates were changed manually. And for the last one, the flow rate was held steady at a high rate.
The injection pressure in Br-2 increases with the increasing flow rate at the outset of the first test (Fig. 7a) , and the injection pressure reaches 5.05 MPa when the flow rate is only 3.52 L/min. Then, the injection pressure falls to a stable value of about 4.5 MPa, whilst the flow rate reaches to 28.6 L/min from 3.52 L/min. While, the observation pressure in Br-1 does not change obviously during the first test, it just increases from 0.12 MPa to 0.21 MPa. This result indicates that the permeability of the fault is low during the first test, and water may only flow through pore structure of fracture zone or the fine original cracks between Br-2 and Br-1, besides fine particulates and existing in-fill do not be washed out during the first test. In addition, the breakdown pressure is 5.05 MPa from the curve.
Contrary to the first test, the observation pressure in Br-1 of the second (Fig. 7b ) and third test (Fig. 7c) begins to increase in about 20 min under diminutive flow rates, while it increases from the start of the the changing water pressure with a range from 0 to 6 MPa. The pressure measuring instrument is easy to take and suitable for underground working, and it can monitor the water pressure of the sensor in time. The water injection equipments involve a high pressure pump with a rated pressure of 22 MPa and high pressure pipes and a water tank.
TEST PROCEDURE
After the test site had been selected, water injection tests were conducted in the following stages.
(1) All the pipes were checked at a pressure not greater than 15 MPa to ensure that no leakage occurred before the water injection test.
(2) Br-1 and Br-2 were drilled to the vicinage of fault zone according to the design. Meanwhile, casing pipes were installed in the boreholes from top to the positions. After fixing the casing pipes, two boreholes were both drilled into the fault zone.
(3) Data collecting instruments in the observation borehole and water injection equipments in the injection borehole were installed as shown in Figure 6 .
(4) Water injection test. Water was injected at several flow rates into Br-2. Consecutive and longterm test cannot be allowed because of the driving inclined shaft. As a result of the limiting condition, four water injection tests were conducted as four injection cycles. During the water injection tests, the data were recorded every 20 seconds by the pressure measuring instrument and flow meter.
RESULTS AND ANALYSES OF WATER INJECTION TESTS IN THE FAULT
RESULTS AND WATER SEEPAGE PROPAGATION BEHAVIOR OF WATER INJECTION TESTS
Breakdown pressure and reopening pressure can be determined by the water injection tests in faults. second ( Fig. 7b ) and third test (Fig. 7c) , which indicates that water seepage in the fault is stable. During the fourth test, the observation pressure changes with the injection pressure, the difference between them consists in value (Fig. 7d) . From the fourth test (Fig. 7d) . When the observation pressure begins to increase, the injection pressure will drop. Moreover, similar curves are acquired from the second and third test. The observation pressure will maintain stable values for a period of time in the
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367 results are shown in Table 2 . Where P o is the observation pressure (MPa), P  is the water pressure differential between the injection pressure and the observation pressure (MPa). According to the results (Table 2) , the initial water seepage pressure (P w0 ) has been decreasing from the first test to the last test (P w0 varies from 5.05 MPa to 1.5 MPa), which indicates the impermeability will drop under the repeated water injection (Fig. 8) . Puzizhier fault has a relatively high impermeability. The results can indicate that the structure of original Puzizhier fault is dense and has a relatively high impermeability.
In addition, in spite of the effect of former water injection test that has caused a kind of fracture flow or pipe flow in the fault, three stages of water seepage in the fault still exist in the next test (Figs. 7a, b and c) , and it can be speculated that water seepage in the fault will turn into pipe flow after repeated water injection tests (Fig. 7d) . In other words, the impermeability of the fault still exists and will decrease after repeated tests ( Table 2 ). The reason for this is the fault healing effect under the ground pressure, and the fault cannot heal completely after repeated water injection tests. Moreover, the cognition can be obtained as well that the risk of water inrush through faults owes a great deal to the water source. When a water source with high pressure and giant flow rate gushes through the fault, the impermeability of the fault will decrease gradually and it is more dangerous.
2) Relationship between flow rate (Q) and injection pressure (P)
The relationship between the flow rate and the injection pressure is a useful parameter to analyze the result of the injection tests (Jiang et al., 2007; Wu et al., 2003) . The relationship between the flow rate and the injection pressure is shown in Figure 9 . Ying (Ying et al., 2008) put forward three types of Q-P relationship under high water pressure, e.g., Hydraulic fracturing, Expansion and Pervious laminar. For the Hydraulic fracturing, the flow rate increases rapidly when the pressure reaches initial water seepage pressure and shows low permeability. However, the initial water seepage pressure is not apparent for the type of Expansion. Hence, the tests of Puzizhier fault are classified into the type of Hydraulic fracturing (Fig. 9) , indicating that the permeability of the fault is low.
results of last three tests, we can obtain that the observation pressure will lag contrary to the injection pressure. Furthermore, the pressure at which the pressure curves of the last three tests deviate from their sub-linear increasing trend is 4.8 MPa, 4.6 MPa and 3.8 MPa, so the reopening pressure of the fault is 4.4 MPa.
Water seepage propagation behavior in the fault can be analyzed from the curve of the observation pressure in Br-1 as well. Three stages of water seepage propagation in faults, from the whole injection test, can be discovered as pointed above. The first test may be considered as pore flow due to the low and changeless pressure. In the second and third test, a turning point in the observation pressure curve appears after the stage, and observation pressure rises up rapidly after the point. The observation pressure of the third test reaches a maximum of 2.56 MPa, which is greater than the maximum observation pressure obtained by the second test and similar to maximum observation pressure of the fourth test. During this process, fine particulates and existing in-fill in the fault are washed out and the original and newborn cracks are expanding and connecting, so the observation pressure rises up rapidly and this process may be considered as fracture flow. Then, the pressure remains stable for a short time and then declines. In this process, the water seepage channel in the fault is smooth and this stage may be turn into pipe flow. Therefore, the result of water injection tests can demonstrate the three stages of water seepage propagation behavior in faults further.
ANALYSES OF IMPERMEABILITY OF THE FAULT
1) The initial water seepage pressure and impermeability of the fault Although the fault is much more permeable than complete rock stratum, its impermeability cannot be ignored. According to the results of water injection tests and analyses above, the turning point A is the start of fracture flow, as shown in Figure 4 and Figure 7 , and the observation pressure changes observably after the point, the injection pressure corresponding to A point can be defined as the initial water seepage pressure (P w0 ) (Fig. 7) . Furthermore, the impermeability of faults can be calculated briefly from the equation as Eq. 1:
where P w0 is initial water seepage pressure (MPa) and R is the distance from the injection borehole to the observation borehole (m) and it is 3.8 m due to the design. Thus, the impermeability ( a  ) can be defined as the resistance of water seepage (MPa/m) .
In the first test, P w0 is the peak pressure due to the stable observation pressure (Fig. 7a) . As opposed to the first test, the observation pressure changes from the start of the fourth test (Fig. 7d) . The calculated The relationship between the flow rate (Q) and the injection pressure (P).
hydraulic conductivity (Darcy, 1856; Sanchez et al., 2006; Hamm et al., 2007; Barbara et al., 2011) :
where K is the hydraulic conductivity, Q is the flow rate, r w is the radius of the borehole, L is the length of the test section, and H 0 is the increase in head compare with that at rest.
3) Initial hydraulic conductivity of the fault
As mentioned above, pore flow exists in the process of water seepage in faults, indicating that the pore flow stage is Darcian flow, so the hydraulic conductivity of faults during that stage can be calculated using the Darcy's law. And a usual equation for the situation assuming steady-state laminar flow in homogeneous and isotropic media around the test borehole is used to calculate the 4. The risk of water inrush through faults owes a great deal to the water source. If the water is higher and the flow rate is greater, the risk of water inrush is higher. 5. The initial hydraulic conductivity of faults can be obtained based on the data of water injection test and the initial hydraulic conductivity of Puzizhier fault is chiefly from 0.8×10 As shown in Figure 7 , pore flow can be found in the first three tests. Consequently, the hydraulic conductivity of Puzizhier fault is calculated based on the data of water injection tests (Fig. 10) . In general, the hydraulic conductivity results of Puzizhier fault are low, nearly all below 6.5×10
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-7 m/s. As shown above, pore flow still exit in the prophase of the second and third tests, and the impermeability of the first, second and third tests could almost keep stable (Fig. 8) . The hydraulic conductivity results are similar in the early stage of the second and third test and the first test (Fig. 10) . Therefore, it can be considered as the initial hydraulic conductivity of Puzizhier fault. So, the initial hydraulic conductivity of Puzizhier fault is chiefly from 0.8×10 -7 m/s to 6.5×10 -7 m/s.
CONCLUSIONS
Through the above study, conclusions can be drawn as follows: 1. Numerous water inrush accidents through fault will take some hours to reach the maximum water inflow, and three stages that consist of pore flow, fracture flow and pipe flow exist in the water inrush accident through faults, which show the water seepage propagation behavior in faults. The water inrush accidents through faults and the water injection tests may show the processes of the fine particulates and existing in-fill in the fracture zone washing out and the original and newborn cracks expanding and connecting. 2. According to the results of water injection tests in Xinglongzhuang coal mine, the breakdown pressure of Puzizhier fault is 5.05 MPa and the reopening pressure is 4.4 MPa. 3. The initial water seepage pressure of Puzizhier fault is nearly 5 MPa and its impermeability is higher than 1 MPa, which can be considered as the quantized impermeability value of Puzizhier fault. The impermeability of the fault will still exist due to the fault healing under the ground pressure, and cracks cannot heal completely after repeated water injection tests.
